Georgia Southern University

Digital Commons@Georgia Southern
Electronic Theses and Dissertations

Jack N. Averitt College of Graduate Studies

Summer 2022

Nitrate Removal During the Shoulder Months in the
Occoquan Reservoir: A Comprehensive Study
KM Risaduzzaman

Follow this and additional works at: https://digitalcommons.georgiasouthern.edu/etd
Part of the Environmental Engineering Commons

Recommended Citation
Risaduzzaman, KM, "Nitrate Removal During the Shoulder Months in the Occoquan
Reservoir: A Comprehensive Study" (2022). Electronic Theses and Dissertations. 2489.
https://digitalcommons.georgiasouthern.edu/etd/2489

This thesis (open access) is brought to you for free and open access by the Jack N. Averitt College
of Graduate Studies at Digital Commons@Georgia Southern. It has been accepted for inclusion in
Electronic Theses and Dissertations by an authorized administrator of Digital Commons@Georgia
Southern. For more information, please contact digitalcommons@georgiasouthern.edu.
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(Under the Direction of Francisco Cubas)

ABSTRACT
The artificial nitrate addition by the Upper Occoquan Service Authority (UOSA)’s Water
Reclamation Facility (WRF) to the Occoquan Reservoir during the warmer months has been
proven to be an efficient way of maintaining the water quality of the reservoir. During the warmer
months, the water body became thermally stratified, resulting in hypolimnetic anoxia and the
subsequent release of undesired matters from the reduced sediments. At the end of the warmer
months, the temperature began to decrease, and by the beginning of winter, oxygen became
ubiquitous in water because of fall turnover. This condition remained stable until the following
thermal stratification; hence it was assumed that the system was devoid of denitrification and lost
the efficiency of nitrate depletion during that period. That is why the UOSA kept the WRF’s
operation stopped during that longer period of the year. This research assumed that nitrate
depletion occurred at a lower rate before the onset of thermal stratification and between thermal
stratification and fall turnover. Those periods have been termed ‘Shoulder Months.’ This study
aimed to justify the possibility of extending nitrate addition activities in the shoulder months. The
rationale of this research was that the low rate of nitrate depletion in the Occoquan Reservoir in
the presence of oxygen during shoulder months was due to the insufficient supply of nitrates into
the sediments as nitrate had to transport deeper into the sediments to reach the anoxic layer. Lab
results showed that oxygen depleted (DO<0.2 mg/L) within a depth of 3 mm from SWI in the
sediments, whereas nitrate depleted at a mean depth of 7 cm, where the sediment layer became

anoxic. The phenomena observed in the lab microcosm allowed the idea of finding nitrate
depletion in the Occoquan Reservoir during the shoulder months when dissolved oxygen levels in
water mostly ranged between 0.2-4 mg/L. Field data revealed that between April 15- May 01,
when the water temperature was >12ºC, oxygen concentrations ranged between 0.2-6 mg/L,
indicating high oxygen and nitrate demand before thermal stratification. Besides, higher nitrate
depletion was associated with a higher DO depletion rate by a correlation factor of 0.81.
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CHAPTER 1
INTRODUCTION

1-1.Background of the Study
The radical increase in N load into the aquatic systems in the recent decades has become a
concerning issue as anthropogenic reasons have increased the nitrate level by10 to 100-fold over
that which occurs by natural processes (~0–0.45 mg-N L-1). Rapid urbanization and application of
fertilizers can maximize the nitrate concentration in surface water systems like lakes and rivers
from 5.65 mg L-1 to 100 mg L-1 resulting in poor water quality and threatened aquatic ecosystems
(Gomez Isaza, Cramp, and Franklin 2020). Nitrate is not toxic and is not readily harmful to human
health. However, the conversion of nitrates into toxic nitrites can be concerning. Besides, high
concentrations (above 10 mg-N L−1) of nitrate and nitrite pose significant health risks caused by
methemoglobinemia in infants or cancer from N-nitroso compounds. To control nitrate pollution
and protect the quality of water used for different purposes, WHO, EC (European Commission),
and USEPA impose maximum limits for nitrates in drinking water and surface or recreational
water. According to EC and WHO guidelines, the maximum limit for nitrate in drinking water is
11.3 mg NO3- -N L-1, and USEPA has set the maximum contaminant level (MCL) of 10 mg NO3-N L-1 though there is no safe limit of nitrates in drinking water; instead, it is recommended to
reduce the nitrate level in drinking water as much as possible (Gray 2008). Nitrate transports from
rainwater runoffs and surface water reservoirs by percolation and leaching into the deeper
sediments and reaches groundwater, making it the most available nutrient in groundwater (ATSDR
2014). Besides, nitrate may appear as a strong driving force for stimulating the productivity of
phytoplankton, which ultimately results in accelerated eutrophication. Eutrophication degrades
water quality significantly (Beutel 2006). Nitrate nitrogen, while it acts as a nutrient, has always
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been considered to impact water quality. So, the reduction of nitrates has consistently been
recognized as beneficial from lake management perspectives. However, nitrates have few other
properties like alkalinity, which helps reduce acidity in waterbodies, and oxidizing capacity that
prevents the release of undesired substances (Fe, P, NH3, As, etc.) from sediments (Cubas et al.
2014; Hemond and Lin 2010).
The study area was the Occoquan Reservoir in Virginia, a tributary of Chesapeake Bay,
and has been considered a significant nitrate supplier to the Chesapeake Bay that might result in
the proliferation of phytoplankton. Therefore, it became important to reduce the supply of nitrates
from the Occoquan Reservoir to the Chesapeake Bay by enhancing the nitrate depletion in the
reservoir. This is to mention here that the Upper Occoquan Service Authority (UOSA) is the key
role-playing authority in managing the water quality of the Occoquan Reservoir. They used to
operate a Water Reclamation Facility (WRF) that discharged nitrogenated water to maintain water
quality during the months of thermal stratification when anoxia occurred in the reservoir’s lower
part (hypolimnion). Like a typical freshwater system, the Occoquan Reservoir has a high capacity
for nitrate removal by denitrification because of its physical and geomorphological characteristics.
Thermal stratification and density gradients allowed the transport of nitrates into the anoxic
hypolimnion. This nitrate transport from epilimnion and nitrates added from high inflow
concentration together enhanced the denitrification process in the hypolimnion (Cubas et al. 2014).
1-2.Problem Statement
The thermal stratification occurring in the Occoquan Reservoir gave rise to an anaerobic
environment in the hypolimnion that helped release substances, including ammonia, phosphorous,
and soluble metals, from the deposited sediments. The WRF’s nitrate addition into the Occoquan
Reservoir aimed to prevent the release of these undesired substances from sediments by increasing
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an oxidized environment. Instead of oxygen, nitrates acted as an electron acceptor and were
reduced to gaseous nitrogen, historically referred to as anerobic respiration of microbial
communities or denitrification.
2NO3- →2 NO2- → 2NO → N2O → N2
Denitrification is a microbial oxidation process in which nitrogenous compounds, e.g.,
nitrate or nitrite, is reduced and converted into nitrogen gas, and conditions for this process include
an anoxic or suboxic (0-0.2 mg O2/L) environment, activity of denitrifying bacteria, supply of
nitrates and availability of organic matters (as electron donor) (Seitzinger 2006). Nitrate removal
from the freshwater sediments by a denitrification process has been considered an efficient
approach to reduce the export of nitrates to the coastal and marine ecosystems. Denitrification can
remove more than 95 percent of nitrate from water and sediments of freshwater systems (Bernhard
2010; Schipper and Vojvodić-Vuković 2001). In this sense, the artificial addition of nitrogenated
water also accelerated the nitrate removal process in the hypolimnetic water of the reservoir. This
management practice by UOSA has proved efficient since 1971 in maintaining the water quality
of the Occoquan Reservoir (Suazo 2021). That’s why the UOSA might expect to enhance the
nitrate addition activity by expecting a higher nitrate loss within the system by denitrification,
whereas the authority used to limit the nitrate addition activity during thermal stratification (F. J.
Cubas et al. 2014b). This research was based on the hypothesis that nitrate depletion might occur
at a low rate before the onset of thermal stratification. Between thermal stratification and the
beginning of fall turnover, DO concentration in water was low but not near zero. The high
productive nature of the Occoquan Reservoir and available organic matters exerted high electron
acceptor (O2 and NO3-) demand which may strengthen the notion that the low rate of nitrate
depletion in the periods before and after the period of thermal stratification might result from the
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nitrate transport limitations of the system, as nitrate had to travel deeper into the sediments to reach
the anoxic layer. These potential periods have been termed ‘Shoulder Months’ in this study. This
research aimed to justify if it is possible to extend the nitrate addition activities of UOSA in the
shoulder months. The specific objectives were 1) to determine if nitrate removal occurs in the
presence of oxygen and 2) to identify the shoulder months in the reservoir.
1-3.Significance of the Study
Nitrate is a major pollutant of the freshwater systems that impairs water quality to a large
extent. A high level of nitrate in drinking water may pose a high health risk, making organizations
like WHO, EC, and USEPA impose a nitrate limit on water sources. Besides, nitrite converted
from nitrate can be toxic and lethal to the human body (Gray 2008). The Occoquan Reservoir
serves as a source of water supply to the 2 million population of Fairfax County and the city of
Alexandria (F. Cubas 2012). Besides, nitrate removal from freshwater reservoirs is vital to keep
the aquatic ecosystem undisturbed. Thus, controlling nitrate loads into the reservoir has become a
key concern to the authorities responsible for water system management. Many such authorities
are highly dependent on simulation models to identify the periods of denitrification and run their
operations accordingly. However, one of the critical drawbacks of these models is that their
denitrification process simulation strictly maintains a suboxic range (<0.4 mg/l O2), whereas
denitrification can occur in environments ranging from suboxic to oxic conditions (Heinen 2006;
Seitzinger 2006; Palacin-Lizarbe et al. 2020). Nitrate depletion in water can be due to
denitrification in the sediments, where an anoxic environment may prevail even when there is a
presence of oxygen in the overlying water. Because of higher penetrability, nitrate can travel
deeper into the anoxic sediment layer resulting in denitrification. However, the models do not
consider these factors and give the outputs, accordingly, missing the potential periods when nitrate
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addition activities can run. The finding of this research will provide a clearer idea about these
dynamic factors related to denitrification and help enhance the efficiency of the models in
improving the nitrate addition periods to the reservoirs. The outputs may also provide some
confidence to UOSA in enhancing their historically efficient nitrate addition activities out of the
days of thermal stratification.
1-4.Limitations of the Study
Due to a few technical problems, this research skipped the inclusion of organic carbons,
one of the most important factors affecting the denitrification process in freshwater sediments and
water. Organic carbons act as electron donors in denitrification and serve as foods to the
denitrifying bacteria. However, labile organic carbons are readily available in the water and
sediments of estuarine systems like the Occoquan Reservoir. So, organic carbon can be considered
to have negligible impacts on the denitrification rate in this reservoir (Fernandes and Loka Bharathi
2011). Another critical experiment on the microbial community has also been avoided due to
unavoidable technical issues. Notions from previous studies, the nitrate depletion in the anoxic
sediment layer, and the presence of phosphates and ammonia strengthen the concept of the
existence of a microbial community deeper in the sediments of the Occoquan Reservoir (F. Cubas
2012). However, including these two factors in the analysis could surely strengthen the results and
hypothesis of the research. There was no regular micro profiling probe for measuring nitrate
concentrations in the sediments. A handmade probe was used instead.
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CHAPTER 2
LITERATURE REVIEW
The mechanisms of how total N retention occurs in a water body are complex and require
rigorous study to understand. Both man-made and natural factors may be significant in controlling
N load to the systems. Thus, it is important to bear a good understanding of chemical and biological
processes taking place within and surrounding the water body that have direct or indirect impacts
on N load and N removal in the water system. This chapter discusses parts of the essential facts
that are more relevant to this research.
2-1.Eutrophication
Enriching the freshwater systems with nutrients like phosphorous and nitrogen helps
aquatic algae to grow. This increase in nutrients is referred to as Eutrophication. Sometimes these
growths resulting from eutrophication turn into the proliferation of algae in the epilimnion of the
lakes and reservoirs, which is termed algal blooms. Algae typically impair water quality by
depleting the system’s oxygen. The presence of massive amounts of algae can change the color of
water and thus degrade the aesthetic quality of water (Gray 2008). Cultural eutrophication is one
of the main reasons for the degradation of the aquatic ecosystem impairment. The increased use of
fertilizers and detergents along with sewage flow results in the rapid accumulation of nutrients in
the freshwater systems (Smith, Joye, and Howarth 2006). The Occoquan Reservoir is historically
a culturally eutrophic system where thermal stratification is a common annual phenomenon that
causes hypolimnetic anoxia. The coincidence of algal bloom and anoxia due to thermal
stratification may result in an even worse situation concerning water quality (F. J. Cubas et al.
2014b). Therefore, reservoirs enriched with natural organic matter (NOM) have a higher rate of
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oxygen consumption which can lead to an anaerobic or anoxic condition in the hypolimnion layer
during summer months (Wetzel 2012).
2-2.Dissolved Oxygen
The atmosphere contains about 21% oxygen. Eutrophic aqua systems like the Occoquan
Reservoir suffer from a deficiency of oxygen for certain periods of the year. This is important to
balance the oxygen level in the atmosphere and the reservoirs, and because of its high solubility,
oxygen can easily mix with water. Besides, oxygen is more soluble in freshwater than in saline
water. Oxygen enters aquatic environments in several ways, including diffusion, photosynthesis,
and water flow. Atmospheric loading of oxygen into the systems by diffusion occurs in the
epilimnion of the reservoirs, and due to spring and fall turnover, oxygen can transport to the
hypolimnion. The photosynthesis process is used by the algae and phytoplankton remaining in the
systems that yield oxygen and adds to the systems (Wetzel 2012). The following equation can
describe the process,
CO2+ H2O+(sunlight) → C6H12O6 + O2
The Occoquan Reservoir has an artificial oxygenation system near Station RE02 to
mitigate the system’s high oxygen demand. Besides, the physical characteristics of the reservoir,
like density gradients, gravity, diffusion, plug flow, and seasonal turnover, help the circulation of
oxygen all over the system, including the bottom water. For instance, due to fall turnover, DO
concentration in the system becomes ubiquitous by the beginning of colder months. Conversely,
due to thermal stratification in the warmer months, dissolved oxygen cannot penetrate the oxic
epilimnion to reach the hypolimnion, resulting in an anoxic environment in the hypolimnion and
sediment-water interface (SWI) (F. Cubas 2012). Moreover, oxygen’s solubility decreases by 10

15

% for an increase of 10 m in the depth of water as the pressure of the water also increases (Müller
et al. 2012), whereas the maximum depth of the Occoquan Reservoir is 20 m (F. J. Cubas et al.
2019). Besides, the Occoquan Reservoir is enriched with natural organic matter responsible for a
higher rate of oxygen consumption within the system in the bottom water and contributes to the
formation of hypolimnetic anoxia during the warmer months (F. J. Cubas et al. 2019; Wetzel
2012). The respiration process can be described by the following equation,
C6H12O6 + O2 →CO2+ H2O
2-3.Thermal stratification
Thermal stratification is considered a fundamental characteristic of lakes in the regions
with middle and high latitudes as it makes variation between lakes concerning mixability. In the
summer months, water in the epilimnion (upper layer) becomes warmer and less dense than the
water in the hypolimnion (lower layer). A slight difference in the temperature between these two
layers becomes sufficient to hinder the complete circulation of water. As a result, nutrient and
oxygen transport between these layers is hindered (Yu et al. 2010; Kirillin and Shatwell 2016).

Figure 2-1. Typical thermal stratification in Lakes

Source: (Bengtsson 2012)
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2-4.Thermo Cline
Thermocline refers to a thin layer in lake water where the temperature is dramatically
different from the water surrounding the layer. Thermo clines usually occur in large waterbodies,
including lakes. Thermo cline lies in the metalimnion, a layer between epilimnion and
hypolimnion. Epilimnion is the sunlit upper layer, whereas hypolimnion is the cooler bottom layer
(US Department of Commerce 2021). In metalimnion, the temperature gradient is steeper than in
epilimnion and hypolimnion, but the gradient is the steepest in the thermocline.
2-5.Nitrogen Cycle
Nitrogen is the fourth most abundant element in cellular biomass, and the majority (78%)
of the Earth’s atmosphere comprises nitrogen. In the atmosphere, nitrogen remains as diatomic
‘inert gas’ whereas it remains as ‘reactive nitrogen’ (those nitrogen compounds that support, or are
products of, cellular metabolism and growth) in soil and water. The nitrogen cycle refers to a
biogeochemical process through which nitrogen transports from the atmosphere to the ground to
various organisms and returns to the atmosphere. While passing different steps of the whole
process, some interchanges occur between inert nitrogen (N2) gas and ‘reactive nitrogen’ like
nitrite, nitrate, and ammonia (Stein and Klotz 2016). In the atmosphere, nitrogen exists as an inert
gas, whereas it exists as nitric oxide, NO, or nitrogen dioxide, NO2. Nitrogen is found as ammonia,
NH4, or ammonium nitrate when used as fertilizer. The nitrogen cycle can be split into five stages:
fixation, mineralization, nitrification, immobilization, and denitrification (Aczel 2019).
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Figure 2-2. Nitrogen Cycle

Source: (Bernhard 2010)

Nitrogen fixation is the initial step of the nitrogen cycle, where nitrogen gas converts to a
usable form, ammonia (NH3). The conversion is performed by two types of bacteria: symbiotic
and non-symbiotic bacteria. The former type needs a host to live on, whereas the latter are freeliving nitrogen fixers. The general reaction to this conversion is as follows,
N2 + 8 H+ + 8 e− → 2 NH3 + H2
Nitrogen fixation can occur either by atmospheric fixation- which involves lightening, or
man-made fixation by manufacturing ammonia and fertilizers under high temperature and pressure
conditions (Bernhard 2010). Nitrification is an aerobic process that takes place in the soil. Plants
and animals can easily use nitrates. Ammonia is converted to nitrites ad nitrates in this process in
two steps by different prokaryotes. First, aerobic ammonia-oxidizing microbes convert ammonia
into nitrites.
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NH3+ O2+ 2e-→ NH2OH + H2O
NH2OH + H2O→NO2- + 5H+ + 4eIn the second step, nitrite is converted into nitrate by a separate prokaryote named nitrite-oxidizing
bacteria. Both steps must be completed to perform complete nitrification (Bernhard 2010).
NO2- + ½ O2 → NO3Denitrification is an anaerobic process of converting nitrate to nitrogen gas by anaerobic
denitrifiers, mainly in the sediments and anoxic zones of the lakes and oceans. This process is
responsible for removing bioavailable nitrogen in water, soils, and sediments. Mostly prokaryotes
and few eukaryotes can cause denitrification. Denitrifying bacteria include but are not limited to
the general Bacillus, Paracoccus, and Pseudomonas species. Denitrifiers must be supplied with
some form of organic carbon as they are chemoorganotrophs.
NO3- → NO2- → NO + N2O → N2
2 NO3-+ 10e- +12H+ → N2 + 6H2O
Nitrogen gas is the end-product of the denitrification process, yet there can be some
intermediate products, including greenhouse gases like nitrous oxides and N2O (Bernhard 2010).
Denitrification plays a crucial role in keeping N-cycle continuous as it is the only point where the
fixed nitrogen converts to gaseous nitrogen and returns to the atmosphere. In the absence of
denitrification, the level of N2 gas in the atmosphere would become nil. Denitrification also
produces N2O, a remarkable greenhouse gas (Paul 2015). Denitrification is commonly accepted as
an efficient nitrate removal process in wastewater treatment facilities, especially before the release
of water into open channels or rivers (Paul 2015; Liou and Madsen 2008). Anaerobic ammonia
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oxidation is a process of oxidizing ammonia under anoxic conditions. This process is carried out
by prokaryotes belonging to the Planctomycetes phylum of Bacteria. Until the discovery of this
process, it was accepted that nitrification could only occur in an aerobic environment. Anammox
bacteria were first discovered in anoxic bioreactors of wastewater treatment plants, where the
bacteria used nitrite as an electron acceptor and produced nitrogen gas. Denitrification is widely
responsible for significant nitrogen loss in water and sediments; however, arguments consider
anammox as the major nitrogen loss in some areas of the oceans (Kuypers et al. 2005; Ward et al.
2009; Bernhard 2010).
NH4+ + NO2- →N2 + 2H2O
2-6.Major Nitrogen Removal Processes
Rapid application of N-rich fertilizers and cultivation of N-fixing crops, along with other
anthropogenic activities, contribute greatly to the enrichment of nitrogen in groundwater and
rivers. However, two-thirds of the nitrogen added to the watersheds is removed before entering the
marine ecosystems by two major types of biological transformations: assimilation of nitrates into
microbial biomass and respiratory denitrification by bacteria. Assimilation converts nitrate to
organic, which may further undergo remineralization, whereas organic matters are oxidized, and
gaseous N is produced in the respiratory denitrification process, where nitrate acts as an electron
acceptor. Typically, respiration of organic matters is an aerobic process where oxygen acts as an
electron acceptor. Still, due to the thermal stratification in lakes or rivers, oxygen concentration in
the hypolimnion zone goes down to nil resulting in an anaerobic environment. This condition,
known as denitrification, favors nitrate-based respiration (Burgin 2007; Howarth 1996). Though
denitrification is accepted widely as a major nitrate loss in the water and sediments of the
freshwater systems, it cannot explain the total N loss in those systems. Instead, study shows that
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less than 50 percent of the N loss can be linked with denitrification (Burgin 2007). One of the
popular explanations for resolving this discrepancy is that several other processes also contribute
to the nitrate loss in water and sediments The alternative pathways include dissimilatory nitrate
reduction to ammonium (DNRA), anaerobic ammonium oxidation (ANAMMOX), denitrification
coupled to sulfide oxidation, and reduction of nitrate associated with abiotic or biotically mediated
oxidation of iron (Burgin 2007; Valiente et al. 2022). Three major processes: denitrification,
DNRA, and ANAMMOX, have been found to coexist in the saline water systems in Spain, where
their activities were dependent on two main factors: light and oxygen. Denitrification and DNRA
were dominant in the presence of light and oxygen and responsible for 82 percent of the nitrate
removal. On the other hand, DNRA and ANAMMOX were predominant (77 percent) under the
condition of anoxia and darkness (Valiente et al. 2022). The combination of heterotrophic and
autotrophic denitrification based on cotton and zero-valent iron (ZVI) has been proven to be
simultaneously more effective than simple heterotrophic denitrification in removing nitrates,
chlorinated ethane, and chromium (VI) from water (Della Rocca, Belgiorno, and Meriç 2007).
2-7.Factors Affecting Denitrification
Nitrate removal from water and sediments has become one of the important management
practices for environmental engineers considering the current reality of water pollution.
Denitrification has been considered the most critical nitrate removal process from water. Yet,
researchers are still arguing on unclear issues related to denitrification, such as driving factors,
temporal and spatial variations, etc., (Burgin 2007). About 20 percent of the global denitrification
occurs in freshwater, and more denitrifications occur in sediments than in overlying water.
Measurement of denitrification is a very challenging task as there are many uncertainties because
of its episodic and spatially heterogeneous nature. The key factors behind denitrification are
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fluctuations in resources like nitrate and conditions like temperature. Another important reason is
that denitrification is a facultatively anaerobic process that can also occur in micro-oxic or oxic
situations (Palacin-Lizarbe et al. 2020). The conditions of denitrification are an anoxic
environment, supply of nitrates, availability of organic matters, and activity of microorganisms
(Seitzinger 2006). Various physical, chemical, and biological factors affect the microbial
community participating in denitrification. Typically, high temperature enhances microbial
activities, whereas redox potential influences bacterial communities by decreasing the availability
of organic carbons. Availability of nutrients also controls the diversity in the microbial
communities, and the supply of definite nutrients establishes the dominance of a few opportunistic
species over others. The respiration rate of the ecosystem also controls denitrification in multiple
ways. Higher respiration rates result in a deficiency of oxygen, which is favorable to
denitrification, an aerobic process. However, nitrate, an important denitrification component,
needs an aerobic environment to produce by the nitrification process. Thus, the ideal environment
for fast denitrification requires spatial heterogeneity regarding the oxygen level. On the other hand,
a higher respiration rate indicates the presence of a larger bacterial community that can participate
in the denitrification process (Mulholland et al. 2009).
Denitrification in freshwater sediments can be driven by a physical influx of nitrates from
the overlying water or nitrate produced by the nitrification in the sediments. The first type is called
direct denitrification, whereas the latter is coupled nitrification-denitrification (Fennel, et al.,
2009). Denitrification in the Occoquan Reservoir in Virginia is more likely to be direct
denitrification (F. J. Cubas et al. 2014a). However, Sigleo (2019) found a weak relation between
the denitrification rate and nitrate concentration in the overlying water of Yaquina Bay, Oregon,
as a major part of nitrate loads occurred in the winter season the denitrification rate became zero
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or very low. In his experiment, seasonal variations in the denitrification rate were observed:
denitrification in March was dominated by a nitrate supply from the water column, whereas
coupled nitrification-denitrification in the sediment was the driver of denitrification in September.
Salahudeen et al. (2018) also argue that denitrification in Ashtamudi estuarine sediments was
mainly limited by the nitrate-N produced in the in-situ environment, not by those from runoffs.
However, only a maximum fraction of half of the reduced nitrates have been found to contribute
to denitrification; the rest of the nitrates are reduced to ammonium through dissimilatory processes
(Vincent, Jennerjahn, and Ramasamy 2021).
Three important factors of denitrification- nitrate-N, exchangeable ammonia (NH4-N), and
organic C help coupled nitrification-denitrification in the sediments. Biodegradable carbons
supplied from the upper-level euphotic zones are important to be present in water or sediments to
achieve very low total nitrogen limits of below 6 mg/l by biological denitrification (USEPA 2013;
Bess B. Ward et al. 2008). Besides, organic carbons are a common controller of aerobic and
anaerobic respiration (denitrification) as they work as substrate (Mulholland et al. 2009). On the
contrary, (Fernandes and Loka Bharathi 2011) found that denitrification in the mangrove
sediments is limited by nitrate and not by organic carbon, which is often found to be readily
available in that environment. They found the highest increase in denitrification in the upper layer
of sediments (<4 cm) for adding 40 μmol NO3--N l−1. By the way, estuarine aquatic systems like
the Occoquan Reservoir have an abundance of labile organic matters in their water and sediments.
That is why these types of water bodies typically do not experience scarcity of organic matter.
Rather, previous studies found that denitrification in the Occoquan Reservoir is mainly promoted
by an abundance of organic matter, rapid supply of nitrates, and periods of low oxygen, whereas
flow characteristics and temperature gradients of the reservoir also have a significant contribution
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to biological denitrification occurring within the system. The carbon-nitrogen ratio positively
impacts the denitrification process, where a ratio of 8 was found to be optimum in removing nitrate
from freshwater sediments (Chen et al. 2017). Redox potential, a Spatio-temporal variable, is also
considered to significantly influence the denitrification rate. Study shows that redox potential
favors microbial activities and denitrification in the sediments (Hunting and van der Geest 2011).
Mudflat sediments are a good source of NH4+-N in summer and of NO3 − +NO2 − -N throughout
the year. Denitrification is associated with NO3 − +NO2 − -N flux. The denitrification rate becomes
highest in summer when the diffusion of nitrates from the overlying water reaches its peak.
Besides, denitrification occurs significantly during late autumn-winter at Eh>+200 mV and
sediment temperature >10 °C and it is supported by the nitrates produced by the sediment
nitrification. Calculating the distances between the sites of nitrification and denitrification
demonstrates that denitrification must occur in reduced microenvironments within the upper
aerated zone of sediments where nitrifying bacteria are active. However, the low nitrate level of
pore water ranging in between 0.86 and 4.95 μmol/L suggests that nitrate produced in the
nitrification process was consumed by the subsequent denitrification in the sediments supporting
the concept of coupled nitrification-denitrification (Koriyama et al. 2016). Palacin-Lizarbe,
Camarero, and Catalan (2018), in their study showed that denitrification can be associated with in
situ temperature significantly when the in-situ environment is not saturated with nitrate, but nitrate
concentration is not extremely low (>3μM). During the increase of temperature, a short transitory
high denitrification rate can result in a rapid depletion of nitrate level that suggests that
denitrification in a warmer season can be associated with nitrate supply from different sources.
The denitrifying bacteria are facultative aerobes in nature which can respirate both in aerobic and
anaerobic conditions. During aerobic respiration, the bacteria use O2 as the electron acceptor, but
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when O2 depletes in the systems resulting in an anerobic condition, the denitrifiers start respirating
by using NO3 as the electron acceptor (Skiba 2008). Denitrification in freshwater sediments like
lakes and rivers account for one-fifth of the total global denitrification whereas oceanic oxygen
minimum zones (OMZs) facilitate 14 percent of global denitrification (Seitzinger 2006). On the
other hand, nitrate removal in the aquatic environment mainly occurs by denitrification which can
remove more than 95 percent of the nitrate from water and sediments of the freshwater systems
(Schipper and Vojvodić-Vuković 2001).Theoretically an anaerobic environment is required but in
practice anerobic respiration (also known as denitrification) may take place where the oxygen level
is < ~ 0.2 mg O2/L, which is a suboxic condition. Additionally, two other obligatory conditions
that must be satisfied for denitrification to occur are the availability of enough nitrates and organic
matters (Seitzinger 2006; Bernhard 2010). Denitrification can also be influenced by factors
including temperature (affecting microbial kinetics) and substrate transport to the area where
denitrification occurs (Bonin and Raymond 1990). In deep productive systems or water bodies
where flows are typically low (e.g., lakes, ponds, wetlands), denitrification is favored by the
development of anoxic conditions above the sediment-water interface (SWI). Conversely, in
shallow rivers or systems where water flows are usually high, denitrification may be hindered by
oxygen intrusion to the SWI, promoted by continuous water mixing which decreases the overall
nitrate removal capacity of the system. The Occoquan Reservoir has a mean depth of 5.18 meter
and a maximum depth of 19.81 meter. Yet, the reservoir experienced plug flow nature in its water
flow resulting in density current which allows the transport of oxygen and nitrogen into the
hypolimnion and sediments. However, the reservoir experienced thermal stratification during
warmer months of the year resulting in hypolimnetic anoxia. The lack of oxygen during that period
helped denitrification to occur in the hypolimnion (F. J. Cubas et al. 2014a). The nitrates added by
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UOSA’s WRF was considered as one of the major dominant factors of denitrification process in
this reservoir. Increase in nitrate addition activities has a potential to accelerate nitrate removal by
denitrification.
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CHAPTER 3
A COMPLETE ANALYSIS
3-1.Introduction
Rapid urbanization and technological advancement in agricultural technologies have given
rise to the nitrogen fixation from the atmosphere together with the high level of fuel combustion
resulting in an increased N load into the water reservoirs. Studies showed that a large portion of N
load can be retained by the water reservoirs through mechanisms like biological assimilation,
abiotic sedimentation, or dissimilatory nitrate reduction (DNR) (David 2006; Gomez Isaza,
Cramp, and Franklin 2020). However, denitrification works to remove a major portion of the
nitrates from the reservoir by converting it to gaseous nitrogen (N2) (Schipper and VojvodićVuković 2001; Seitzinger 2006). Denitrification is the primary process of removing the reactive
nitrogen (N) by microbial activity that reduces nitrogenous oxides to di-nitrogen gases like N2O
and N2. It is tough to measure and model the dinitrification rates as there are many factors
influencing this process (Palacin-Lizarbe, Camarero, and Catalan 2018). The study area of this
research is the Occoquan Reservoir, a freshwater reservoir in Virginia. The Upper Occoquan
Reservoir Service Authority (UOSA) operates a Water Reclamation Facility (WRF), which
intentionally discharges nitrogenated water to the reservoir to improve its water quality. The
nitrogenated water helps prevent the release of reduced undesirable substances like phosphates,
ammonia, iron, manganese, etc. from the deposited sediments by creating an oxidized environment
in the absence of oxygen in the bottom waters of the reservoir (hypolimnion) during the warmer
months of the year. In the oxidized environment, nitrate acts as an electron acceptor instead of
oxygen. During these days, nitrate concentration in the discharge from WRF reaches up to 13 mgN/l (F. J. Cubas et al. 2014a). In the early wintertime, the thermal stratification disappears during
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the fall turnover as the reservoir waters mix due to homogeneous temperatures in the water column
favoring oxygen intrusion into the deep water (Anderson et al. 2021). Due to this uniformity in the
water temperature, the hypolimnetic anoxia diminishes and the ability of the reservoir to denitrify
the high loads of nitrates from the WRF decreases (F. J. Cubas et al. 2014a).
For this reason, the authority managing the reservoir limited the nitrate discharge to the
months when the reservoir experiences thermal stratification. However, previous studies and the
data collected from the reservoirs showed that nitrate depletion is not strictly limited to the time
of thermal stratification, rather it can occur days before and after the time of thermal stratification
in the presence of oxygen (F. J. Cubas et al. 2014a). This study focused on assessing the possibility
of having denitrification in the bottom waters of the reservoir outside the period of thermal
stratification and complete hypolimnetic anoxia by performing analysis on both the lab and the
field data. This research was framed with the objective: 1) to determine if nitrate removal occurs
in the presence of oxygen and 2) to identify the shoulder months in the reservoir.
3-2.Study Area
The Occoquan Reservoir is a part of the Occoquan Watershed, which covers an area of
1,515 km2 in Northern Virginia. The watershed land use is approximately 54% forest, 28% urban,
11% agricultural, and 7% pasture (F. J. Cubas et al. 2014a). This artificial freshwater system
flowing from north-west to south-east is used for recreational purposes and as a water supply
source to 2 million users in Fairfax County and the city of Alexandria. The surface area and the
volume of the reservoir is 6.1 x 106 m2 and 31.4x 106 m3, respectively, with a hydraulic residence
time of approximately 19.6 days (F. Cubas 2012). The main stem of the Reservoir receives water
from two major tributaries: Bull Run and Occoquan Creek, as shown in Figure 3-1.
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The Occoquan Reservoir is a eutrophic reservoir that stratifies during the warmer months
of the year resulting in oxygen depletion in the bottom water throughout most of the summer
months. To protect and improve the Reservoir’s water quality during periods of thermal
stratification and hypolimnetic anoxia, authorities managing the reservoir discharge nitrate rich
waters from the Upper Occoquan Service Authority UOSA water reclamation plant (WRP), as a
management strategy to poise the oxidation reduction potential (ORP) to a level that prevents the
release of undesirable reduced substances from the sediments in the absence of oxygen. The UOSA
WRP discharges nitrate rich waters in the upstream area of Bull Run, approximately 10 km from
the confluence of Bull Run and Occoquan Creek. This strategy has been successful during the last
50 years, improving the water quality in the reservoir and preventing algal blooms while
eliminating most nitrate input. Due to the intrinsic properties of the reservoir including its
geological characteristics (shape and bathymetry), hydrological features (rain and ambient
temperature), inflow structure, and high sediment organic content, the reservoir has a high capacity
for denitrification when the nitrate load increases. High denitrification capacity allows the
reservoir to remove almost all the nitrates that enter the system even when input nitrate
concentration exceeds 14 mg-N/L at the WRP point of discharge. Nitrate concentration at the raw
water intake rarely exceeds 5 mg-N/L.
The success of this nitrate addition strategy made the authority interested to reassess the
timing of this practice. Therefore, the authority was considering extending the nitrate addition
practice to include weeks before and after the period of thermal stratification in the reservoir. Due
to the Reservoir’s high potential for nitrate depletion, denitrification may begin during the thermal
stratification development period. In this study, four stations (RE02, RE05, RE10 and RE20) were
used to assess the feasibility of extending the nitrate addition period to include days or weeks
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before the establishment of thermal stratification in the reservoir (Figure 3.1). It is important to
highlight that RE 02, the station closest to the dam, had an artificial oxygen addition system that
might affect the denitrification potential at this station.

Figure 3-1. Study Area Map
3-3.Working Methods
The working method was shaped in a way to achieve the goal and objectives of the study
in a logical and efficient way. The goal of this research was to assess the possibility of extending
the nitrate addition period in the Occoquan Reservoir outside the period of thermal stratification
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when hypolimnetic oxygen concentrations drop to zero. This research was divided into two parts:
laboratory analysis and field data analysis. First, the data collected from seven reactors operated
in a lab-controlled environment were analyzed to assess if nitrate depletion occurred in the
presence of oxygen. The laboratory experiments were seeded using sediments collected in 2020
and 2021. Then, based on these findings, field data for three different years: 2013, 2017, and 2019
were analyzed to assess the possibility of having nitrate depletion beyond the periods of thermal
stratification. The data used in the field analysis included dissolved oxygen (DO) and nitrate
concentrations, oxidation-reduction potential (ORP), and temperature measurements collected
from the water column at the stations RE02, RE05, RE10, and RE20 for the different years
analyzed.
Occoquan Watershed laboratory staff were responsible for collecting and shipping the
sediment to the Department of Civil Engineering and Construction at Georgia Southern University
in glass jars maintained at a temperature of 4°C. The received sediments were preserved in a
refrigerator maintaining the same temperature. Water used to seed the reactors was collected from
a local river (Ogeechee River in Georgia) as a proxy for the water of the Occoquan River since
waters from both the sources had similar water quality characteristics except the concentration of
nitrates, which was adjusted later while initiating the experiments. A magnesium nitrate
hexahydrate [Mg (NO3)2·6H2O] solution with a concentration of 1,000 mg/L was diluted to the
desired concentration of 5 mg-N/L. Overall, lab-based experiments were conducted by replicating
as close as possible the field environment conditions of the Reservoir in a laboratory setup.
3-3-1.Laboratory Experiments
Seven batch reactors were used in a controlled lab environment to assess if nitrate depletion
occurred in the presence of oxygen in the water. The reactors were 10 L plexiglass tanks and all
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of them were seeded with sediments from the Occoquan Reservoir (Figure 3-2). The Ogeechee
River was used from a local source as there were many similarities between the water parameters
of these two aqua systems. The nitrate concentration was very low in the water of the Ogeechee
River.
Table 3-1. Water parameters of the Occoquan Reservoir and the Ogeechee River
Water Parameters
NO3-N (mg/L)
OP(mg/L)
NH3(mg/L)
ORP(mV)

Occoquan
2
0.1
0.05
150 -500

Ogeechee
0.5
0.15
0.05
150-250

The reactors were also seeded with an initial nitrate concentration of 5 mg-N/L and 100% percent
of DO concentration. To maintain the desired DO concentration in all reactors as described in
Table 3.1, air was supplied using a Whisper 40 air pump when necessary. Reactor 1 was used to
simulate a completely aerobic environment (control reactor) and a maximum DO concentration
was maintained using a continuous air supply. The target DO concentration in reactors 2-5 was
achieved by operating these reactors open to the atmosphere and mixing was used to enhance
oxygen intrusion into the water column. Reactors 6 and 7 were completely sealed to the atmosphere
to simulate anoxic conditions.
DO concentration and ORP and temperature levels were measured at an interval of 2 days
using an HQ40d portable multimeter equipped with corresponding DO and ORP probes. Water
samples were collected every 3 days to continuously check the nitrate concentration throughout
the experiment. Other nutrients, such as ammonia and phosphate, were sampled and analyzed at
least once a week to assure that the optimum conditions for optimum reactor performance existed
in all the experiments. Nutrient concentrations were measured using a Thermo Scientific™
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Gallery™ Discrete Analyzer following standard methods (Rice 2017). If the nitrate concentration
decreased to low levels, nitrate was immediately supplemented by using the solution of magnesium
nitrate hexahydrate. DO was measured consistently to check if the desired concentrations were
maintained in all reactors.
Table 3-2. DO and nitrate concentrations in the reactors
Reactors
1
2
3
4
5
6
7

DO (mg/L)
8.66
2-4
0-2
2-4
0-2
0
0

Nitrates (mg-N/L)
5
5
5
5
5
5
5

Figure 3-2. Batch Reactors

Figure 3-3. HQ40d Portable Multimeter
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Figure 3-4. Probes for measuring DO (Left) and ORP (Right)
If the DO concentrations did not decrease to the target value (Table 3-2), then sucrose (C12H22O11)
was added at a dose of 1 mg/L to deplete the oxygen when necessary. ORP values were corrected
and standardized to a standard hydrogen electrode (SHE) by adding to the potential developed by
the reference electrode portion relative to SHE. Temperature and pH readings were used to correct
the ORP measurements.
Sediment DO and ORP were measured using a Micro profiler system (PA2000, Unisense
A/S, Denmark) (Figure 3-5). The instrument consists of a non-motorized micromanipulator and
an acquiring data system. The manipulator has two vertical scales that help alter the profiler’s
position to adjust to the sediment level. It also facilitates the horizontal movement of the profiler.
The acquiring data system consists of a computer software program (Sensortrace.PRO V3.1.3), a
high-quality picoammeter (Unisense Microsensor Multimeter), and Clark-type microsensors. The
sensors were equipped with a tip of about 100 micrometers to measure DO and ORP separately.
Sediment nitrate samples were collected using a handmade probe adapted to the autosampler to
collect nitrate samples at millimetric depths within the sediments. Nitrate water samples taken
from the sediments were filtered (0.45 µm) and diluted and were later analyzed using the Thermo
Scientific™ Gallery™ Discrete Analyzer. The handmade probe was prepared with a pipet of Pyrex
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glass and a tip of 500 micrometer. To avoid the mixing of water in the sediments while collecting
water, a very low flow pump (Fisher brand™ Variable-Flow Peristaltic

Figure 3-5. Unisense Micro profiler system and microsensor probes mounted in the
micromanipulator.
Pumps) was used to extract the water samples. As nitrate is expected to travel into sediments
deeper than DO, water from four different depths (0, 2, 5 ,and 7 cm) were collected. Each time an
amount of 10-20 micro liters of water were collected and diluted to make a total amount of 2 ml,
the minimum volume recommended for the Gallery analyzer.
3-3-2. Field Data Analysis
First, data collected in the lab experiments were analyzed to check if nitrate depletion can
occur in the presence of oxygen in the water. Based on the results of the lab experiments,
comprehensive criteria were developed that were used to perform the field data analysis (see field
results). Field data collected from four stations (RE02, RE05, RE10, and RE20) in 2013, 2017,
and 2019 were analyzed to identify the ‘Shoulder Months’, the period outside of the months of
thermal stratification when nitrate depletion may occur. These years were chosen to represent the
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warmest conditions present during the last 10 years in the Reservoir. The warmest conditions
would facilitate a first assessment of the developed criteria. The rate of change of nutrients was
normalized by area to calculate the real rate of depletion.

Figure 3-6. Thermo Scientific™ Gallery™ Discrete Analyzer
The concentration change (mg/L.d) was multiplied by the volume-area ratio (also known
as effective depth) to get the areal depletion rate for the reactors in the lab and for the reservoir. In
the reservoir, the effective depth of 2.5 meters at station 20 was lower than other stations and that
ratio was followed in designing the volume-area ratio in the lab-scaled reactors to expect faster
activities between water and sediments. The volume-area ratio maintained in the lab reactors was
2. The Origin Pro 2020 software, a product of OrginLab, was used to analyze the water DO
concentrations and the temperature values at different depths of the Occoquan Reservoir. Isopleths
and Isotherms were generated using this software to illustrate the changes in DO and temperature
in the water column. Results from the isotherms and isopleths along with DO and temperature time
series from the bottom water of the reservoir were used to determine oxygen depletion rates and
oxygen and temperature changes to develop the resulting criteria. Therefore, several criteria were
developed based on oxygen and temperature that were used to identify the shoulder months using
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a comprehensive method. The final criteria were developed using the results from the lab
experiments.
3-4. Results and Analyses
3-4-1. Laboratory Data Analyses
Lab-based experiments with a duration of 45-48 days were performed using seven reactors
that replicated field environment conditions in the Reservoir. The reactors were initially aerated
so that the dissolved oxygen concentration was close to 100% saturation (approximately 8.6 – 8.9
mg/L) in all the reactors. Reactor 1 was maintained completely aerobic throughout the experiment
with a mean DO concentration of 8.9 mg/L. Reactors 2 – 5 were operated to achieve different DO
concentrations in the water column to quantify nitrate depletion under DO concentrations lower
than 5 mg/L and to determine how the nitrate depletion rates were affected by the presence of
variable oxygen levels. Mean DO concentrations values in Reactors 2 – 5 measured after the initial
DO depletion stage ranged between 2 – 5 mg/L (Table 3-3). Reactors 6 and 7, which were sealed
to the environment to procure anoxic conditions had a mean DO concentration of 0.3 and 0.2 mg/L
respectively after the initial DO depletion stage. These two reactors were operated under an anoxic
condition to determine how nitrate depletion rates compared between aerobic and anoxic
environments.
Oxygen depletion rates were quantified to determine the effects of highly productive
(higher transfer rate of energy or matter through the food web) waters on nitrate depletion based
on the rationale that a high DO demand would lead to a high nitrate demand resulting in the
beginning of nitrate depletion before the complete removal of oxygen in the aerobic reactors.
Oxygen depletion rates measured during the first days of the experiment (initial oxygen depletion
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stage in all reactors) were similar in Reactors 2 – 4 but lower than the ones measured in Reactors
5 – 7 (Table 3-3). Higher DO depletion rates in Reactors 5 – 7 were the result of having low
reaeration rates in these reactors (reaeration rates were not measured in this study).
Table 3-3. Reactors with variable DO concentrations
Reactor

1

DO
Level
(mg/L)
8.97

Days for DO Depletion Days for DO Overall
Nitrate
DO Level Rate
Depletion
Depletion Rate (mg(mg/m2·day)
Rate
N/m2·day)
0-42

2
3
4
5

4.54
3.66
3.19
2.07

20-43
9-24
27-35
30-37

900
760
730
1070

0-14
0-15
0-12
0-7

120
183
100
221

6
7

0.33
0.18

16-44
03-49

1080
1050

0-15
0-12

270
310

3-4-1-1. DO Level and Nitrate Depletion
To measure nitrate depletion in the presence of oxygen, reactors were also seeded with an
initial nitrate concentration of 5 mg-N/L (Figure 3.7) and its depletion was quantified after
achieving the desired DO concentration in each reactor. Nitrate depletion was observed in all the
reactors, except Reactor 1 (fully aerobic reactor), suggesting that nitrate removal through
denitrification may occur in the presence of relatively low DO water column concentrations. The
slight decrease in nitrate concentration observed in Reactor 1 was the result of water sample
removal that was replaced with nitrate-free water throughout the experiment. In Reactors 2 and 3,
nitrate gradually decreased after Day 15 from 5.2 to 3.1 mg-N/L and from 5.1 to 2 mg-N/L,
respectively even though the mean DO concentration was 4.5 mg/L for Reactor 2 and 3.7 for
Reactor 3. In reactor 4, nitrate was initially depleted from 5.9 to almost 0 mg-N/L while DO was
quickly depleted in the water column. Nitrate depletion was possibly the result of a highly
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productive environment that developed in this reactor during the initial stage. As DO was quickly
depleted in this reactor during the first 10 days of the experiment, nitrate was depleted almost
simultaneously due to the high electron acceptor demand (i.e., oxygen and nitrate) that existed in
this reactor. After day 14 when the DO concentration stabilized around 3.2 mg/L, nitrate was
operationally reintroduced to this reactor to quantify the corresponding nitrate depletion rate. On
day 20, nitrate in this reactor decreased from 6 to 0.5 mg-N/L even though the DO concentration
ranged from 2 to 4 mg/L. Reactor 5 was also a highly productive system as DO was quickly
depleted before day 8 despite the efforts to keep the DO level at approximately 2 mg/L. In a similar
way to Reactor 4, nitrate was also quickly depleted at the beginning of the experiment and
decreased to 0.1 mg-N/L on day 12. From day 14 to 22, nitrate was reintroduced into this reactor
to achieve a nitrate concentration higher than 4 mg-N/L, but the high DO and nitrate demand of
the system quickly depleted both DO and nitrate (Figure 3.7). Finally, on Day 30, the nitrate
concentration was kept at 4 mg-N/L for four days, and immediately after, it decreased from 4 to
0.6 mg-N/L in the presence of oxygen. The nitrate depletion rate measured for this reactor after
day 30 was 257.11 mg/m2·day. Despite having highly variable oxygen and nitrate concentration
throughout the experiment, results also suggested that nitrate was depleted in the presence of
oxygen in this reactor and that having a high DO depletion rate may result in aerobic nitrate
depletion in low oxygen environments. Reactors 6 and 7 were sealed to the atmosphere to avoid
oxygen intrusion during the duration of the experiment. Nitrate was depleted from 5.7 to 0.2 mgN/L and from 5.4 to 0.3 mg-N/L in reactors 6 and 7, respectively. As expected, these two reactors
had the highest nitrate depletion rates for the study. The observed slight increases in nitrate
concentrations during the experiments were possibly the result of nitrification in all reactors as
some of these increments followed small DO increments.
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3-4-1-2. DO Depletion Rate and Nitrate Depletion Rate
Experimental results further show that nitrate depletion was directly affected by the
demand for electron acceptors (i.e., oxygen and nitrate) within the sediment. In this study, the
sediment oxygen demand was quantified by measuring the oxygen depletion rates at the initial
stage of the experiment, before reaching the desired operational DO levels in each reactor. The
higher the oxygen depletion rate, the higher the demand for oxygen and nitrate to mineralize
organic matter in the sediments. DO depletion rates were similar in all the reactors (except Reactor
1) ranging from 730 mg/m2·day to 1080 mg/m2·day. In the reactors where the targeted DO was
lower or none (Reactors, 5, 6, and 7), the oxygen depletion rate was slightly higher due to
restrictions in reaeration. In reactor 1, neither DO nor nitrate depletion rates were measured
because this reactor was intended to simulate a fully aerobic environment with constant reaeration
to sustain saturated oxygen conditions. Nitrate depletion was not observed in this reactor. Overall,
results show that nitrate depletion rates were significant in the reactors having a mean DO
concentration between 0 and 4 mg/L when the oxygen demand was high, suggesting that nitrate
depletion in the presence of oxygen is controlled by the DO concentration magnitude and the rate
of oxygen depletion (sediment oxygen demand). For instance, nitrate depletion rates were higher
in those reactors having lower DO concentrations and high DO depletion rates (i.e., reactors 5, 6,
and 7). Reactors 6 and 7 showed the best performance for nitrate depletion (rate of approximately
290 mg/m2·day) because the initial DO depletion rates were high resulting in an almost
simultaneous depletion of oxygen and nitrate in these reactors in the initial stage of the experiment
(Figure 3-7). Reactor 5 had a higher DO level (2.07 mg/L) than Reactors 6 and 7, but the nitrate
depletion rate was also high at 221 mg/m2·day because the oxygen demand was also high in this
reactor like reactors 4, 6, and 7. Nitrate and oxygen depletion rates were further compared
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throughout the experiment to identify significant correlations between both rates. Specifically,
reactor 2 experienced a nitrate depletion rate of 1120 mg/m2·day between Day 06 and Day 09
when DO was also depleted at a high rate of 770 mg/m2·day at a DO concentration of 5.15 mg/L.
Conversely, nitrate depletion decreased between days 20-30 when the rate of depletion was 120
mg/m2·day. In reactor 03, the overall DO depletion rate and nitrate depletion rate was 200
mg/m2·day and 180 mg-N/m2·day respectively. However, the nitrate depletion increased to 370
mg-N/m2·day on days 16-24 when the DO depletion rate also increased to 460 mg/m2·day.
Although the DO concentrations in reactors 03 and 04 were close to each other, unlike
reactor 03, DO in reactor 04 decreased at a rate of 300-400 mg/m2·day after Day 20. In reactor 04,
the nitrate depletion rate between days 27-35 was 620 mg-N/m2·day when the DO depletion rate
was highest at 500 mg/m2·day. On days 39-43, the DO and nitrate depletion rates both decreased
to 450 mg/m2·day and 200 mg-N/m2·day respectively. Reactor 05 experienced continuous changes
in DO and nitrate concentration, as explained earlier, and hence it was hard to find a direct
correlation between oxygen and nitrate depletion between days 10 and 30. Nevertheless, there was
a significant relationship between the nitrate depletion rate (1.04 mg-N/m2·day) and the DO
depletion rate of 0.8 mg/m2·day during the final stage of the experiment (days 34-37). Finally, in
reactors 06 and reactor 07 the nitrate depletion rates, which were the highest for the study,
correlated with the highest DO depletion rates measured in the experiment. Overall, these results
demonstrate a direct relationship between DO and nitrate depletion rates.
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Combining all results revealed that the simultaneous occurrence of low DO (< 4 mg/L) and
high DO depletion rate enhanced the nitrate depletion rates. The effect of DO levels and depletion
rate on nitrate depletion has been demonstrated and their correlation has been determined (Figure
3-8). An inverse robust correlation was found between mean DO concentrations and nitrate
depletion rates (R2 = 0.95), while a positive correlation between DO and nitrate depletion rates (R2
= 0.81) was found in this study. The correlation analysis shows that the level of dissolved oxygen
in the water had a stronger correlation with nitrate depletion than the rate of DO depletion.
However, still it can be summarized that the DO depletion rate has a significant correlation
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Figure 3-8. Correlation between mean DO concentrations and NO3- depletion rates(left figure),
and between doing depletion rate and nitrate depletion rate (right figure). Units for mean DO, DO
depletion rate, and NO3- depletion rate is mg/L, mg/m2.day, and mg-N/m2.day, respectively.
3-4-1-3. Sediment Profiles
Up to here, results have widely demonstrated that nitrate depletion, mainly driven by
denitrification, may occur in the presence of oxygen when concentrations above the SWI are lower
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Figure 3-9. Lab-based Sediment DO Profiles
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than 4 mg/L. The objective of this study, however, is not to determine whether the actual microbial
denitrification process may or may not occur in aerobic environments, but to suggest that at low
oxygen concentrations (< 4 mg/L) above the SWI, sediments develop a significant deep anoxic
layer where denitrification occurs due to the low amount of oxygen that penetrates the sediments
at these low concentration values. Therefore, a thorough comparison between oxygen and nitrate
concentration profiles was done to show that the lack of oxygen was promoting denitrification
within the sediments resulting in the nitrate depletion above the SWI despite having oxygen in the
water column.
Sediment DO and nitrate concentration profiles were developed during the early, middle,
and final stages of the experiment. Profile results showed that the depth of the sediment where the
concentration of DO became almost zero (< 0.2 mg/L) was associated with the DO concentration
above the SWI. For a DO concentration above the SWI equal to or below 2 mg/L, the sediment
layer became anoxic (< 0.2 mg/L) within a depth of 0.68 mm on average. This depth was higher
(1.88 mm) for an SWI DO concentration of above 2 mg/l, and highest (3 mm) for an SWI DO
concentration of 4 mg/L in reactor 3 on Day 37. In total, ~87 % of the samples resulted in a mean
depth of approximately 2 mm when DO became below 0.2 mg/l for any DO concentration at SWI.
DO deplete faster with a gradient of 2.4 mg/L/mm in sediments with an SWI DO concentration of
2 mg/L or more. This gradient decreased to 0.7mg/L/mm for an SWI DO concentration of below
1 mg/L. DO depletion gradient within 2 mm depth of SWI was 3-fold higher than that occurred
below 2 mm suggesting that DO was depleted in the upper levels of the sediments very close to
the SWI and that only a few amounts of oxygen were penetrating deeper into the sediments (Figure
3-9).
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Nitrate profiles were done to measure the depth of nitrate intrusion within the sediments
and to confirm its availability for denitrification in the deeper anoxic sediments. Due to the
complexity of measuring nitrate concentration changes at low increments within the sediments,
only three reactors were used. For this analysis, an aerobic reactor (reactor 1), a reactor with a low
mean DO concentration (reactor 5), and an anoxic reactor (reactor 7) were selected.
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Figure 3-10. Lab-Based Sediment Nitrate Profiles
In reactor 1, nitrate depletion was negligible resulting in high levels of nitrate reaching
deeper within the sediments. In this reactor, nitrate concentrations within the sediments rapidly
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increased to values higher than 3 mg-N/L closer to the SWI but decreased to values lower than 2
mg-N/L on day 23 due to some denitrification occurring within the SWI at lower rates (Figure 310).
Towards the end of the experiment, nitrate concentrations within the sediment increased to
values closer to the nitrate concentration above the SWI (~ 4 mg-N/L) due to the high nitrate levels
kept above the SWI and lower denitrification rates at the SWI. Despite having a high concentration
of oxygen above the SWI, nitrate depletion can be observed at depths above 2 cm, but never
reaching values close to 0 mg-N/L. In Reactors 5 and 7, nitrate was depleted below a depth of 2
cm, reached values lower than 2 mg-N/L at a depth of 5 cm, and decreased to their lower value
within a mean depth of 7 cm. These results confirm that denitrification was occurring very close
to the SWI at higher rates when DO was below 4 mg/L and the resulting oxygen penetration across
the SWI was low.
ORP was measured to confirm that denitrification was occurring within the sediments by
observing how ORP decreased to the levels where denitrification commonly occurs in the
sediments (Hunting & Geest, 2011). Results from all reactors were similar and consistent so only
three reactors were included in the analysis. Results showed that ORP stayed almost constant
throughout the sediment depth on each day when it was measured. In all reactors, there was only
a slight (negligible) decrease in ORP at increasing depth. In general, ORP values reflect an
oxidizing environment (200 – 500 mv) within the sediments throughout the experiment duration.
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Figure 3-11. Lab-based Sediment ORP Profiles
Throughout most of the experiments, ORP was typically high (300 – 500 mv) in the
sediments suggesting that denitrification was occurring due to the low oxygen values and high
nitrate penetration deeper in the sediments (Koriyama, Koga, Seguchi, & Ishitani, 2016). In a few
instances, ORP decreases to values close to 200 mv (Figure 3-11). This decrease in ORP was
concomitant with a high DO and nitrate depletion above SWI suggesting a rapid depletion rate for
DO and nitrate resulted in a sudden ORP drop as expected.
3-4-1-4. Time Series of Ammonia and Phosphates
Ammonia and orthophosphate (OP) concentrations were measured to further observe the
nutrient dynamics of the system and to confirm that there were no nutrient limitations during the
experiment that would have affected the oxygen and nitrate depletion rates. Overall, ammonia and
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Figure 3-12. Lab-Based Time Series Data of Water Column Ammonia and Phosphates
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OP concentrations were low in all reactors with a few peaks observed when oxygen and nitrate
concentrations decreased. For instance, in reactor 2, a peak in ammonia and OP was observed a
few days after oxygen and nitrate were decreasing at a similar rate. Then in this reactor ammonia
decreased toward the end of the experiment due to nitrification as a sudden oxygen drop in DO
concentration was observed after day 40.
A similar case was observed in reactors 3 and 5 where ammonia and OP peaks occurred
when both DO and nitrate concentrations decreased at a high rate (Figures 3-7 and 3-12). These
results confirmed that in productive systems simultaneous oxygen and nitrate removal may occur
as conditions such as sediment ammonia and OP release that are typical for anoxic and anaerobic
conditions were observed before the complete depletion of oxygen. Results also confirmed that
there were no nutrient limitations that would have negatively affected oxygen and nitrate depletion
as important limiting nutrients (i.e., ammonia and OP) were present in the sediments.
3-4-2. Field Data Analysis
As part of its reservoir management activities, the Upper Occoquan Service Authority
(UOSA) adds nitrate to the Occoquan Reservoir during the summer months immediately after the
onset of thermal stratification to improve its overall water quality. Until now, this strategy has
been successfully implemented decreasing the release of reduced undesirable substances (e.g.,
iron, manganese, ammonia, sulfur) from the sediments into the water column. The typical time
frame for nitrate addition spans from early May until late September when the reservoir's
hypolimnion is completely anaerobic. Due to the nitrate addition success, authorities managing the
reservoir were considering expanding the addition time frame to include periods outside the
reservoir’s stratification time to maximize the benefits of adding nitrate without exceeding the
current nitrate threshold of 5 mg-N/L. Results from the lab-based analysis showed that nitrate
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depletion can occur in the presence of oxygen (0—4 mg/l) and that nitrate removal can occur when
DO depletion rates are relatively high (>300 mg/m2·day). Therefore, nitrate depletion may occur
a few weeks before and after the thermal stratification period when oxygen concentration decreases
to values lower than 4 mg/L, when DO depletion rates are high, and water temperature increases
during the spring. In this study, the periods outside the warmer months were termed 'Shoulder
Months'. It is important to note that the shoulder months will vary yearly depending on weather
conditions affecting ambient temperatures and the exact timing for the spring and fall overturn in
the reservoir. Therefore, it was necessary to develop a process that can be used to predict and
determine the shoulder months for a specific year.
Based on the lab experiment results and an extensive literature review on temperature
effects on surface water denitrification, the following parameters were identified as the main
variables that can be used to determine the shoulder months. Those values include hypolimnetic
DO concentrations, DO depletion rates and temperature changes before and after the thermal
stratification period. For the first criteria, the oxygen concentration range where denitrification can
occur in the reservoir was set to 0 – 4 mg/L but can go as high as 6 mg/L if the DO depletion rate
in the reservoir for that specific year is high enough (> 300 mg/m2·day). The second criterion was
based on the rate of oxygen depletion above the SWI. For denitrification to occur at significant
rates in the presence of oxygen (less than 4 mg/L), the oxygen depletion rate should be higher than
300 mg/m2·day and the DO concentration change should be at least 2 mg/L. In addition to these
two parameters, the temperature should also be included as part of the analysis for the shoulder
months determination. Previous studies done in other environments like the Occoquan Reservoir
found a significant contribution of temperature increase to nitrate depletion in water systems
(Palacin Lizarbe, Camarero, & Catalan, 2017). Therefore, a minimum temperature increment of at
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least 4-5 ⁰C (temperature>7⁰C) should be observed in the bottom waters from the colder months
to the period when the temperature begins to increase. In this study, the oxygen concentration was
given a higher weight than the temperature because oxygen can directly inhibit the denitrification
process regardless of the environment temperature. Denitrification, although at lower rates, can
still occur at lower temperatures. The gradient or rate of DO depletion was found to have a strong
correlation with the rate change in nitrate depletion (82%) suggesting that the higher the oxygen
depletion gradient, the higher the possibility for nitrate depletion in the presence of oxygen.
Nevertheless, DO concentration was given more weight than the DO depletion gradient because a
higher correlation was observed between DO mean concentrations and nitrate depletion rates (R2
=0.95) and because a high oxygen concentration may inhibit denitrification completely regardless
of the high oxygen demand. Therefore, the final criteria for the shoulder months determination
were set and ranked as follows: 1) DO concentration above the SWI; 2) DO depletion rate (slope
gradient); 3) overall DO concentration change, and 4) water temperature. A value or range of the
values used to determine the shoulder months in the Occoquan Reservoir is provided for each
parameter (Table 3-4).
Table 3-4. Criteria for Determining Shoulder Months
Rank
1
2
3

Variable
DO range
The slope of DO Gradient
DO change over a specific period

Range or Threshold Limit
2 - 6 mg/L
≥ 300 mg/m2·day
≥ 2 mg/L

4

Temperature range

≈ 7 to 18 degrees Celsius

The developed criteria were tested using data collected from Stations RE02, RE05, RE10,
and RE20 collected during 2013, 2017, and 2019. These years were chosen to represent the
warmest conditions present during the last 10 years in the reservoir because warmer conditions
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would facilitate a first assessment of the developed criteria. The depth of the reservoir at stations
RE02, RE05, RE10, and RE20 is 18, 15, 12, and 8 meters respectively. RE02 is the most
downstream station in the reservoir, and it is located near the artificial oxygenation system, while
station RE 20 is the most upstream station of the reservoir's main stem just downstream of the
confluence of Bull Run and Occoquan Creek. The field analysis includes an illustration of the
variability of water column DO and temperature and oxygen depletion rate determination. Changes
in DO and temperature have been identified in isopleths and isotherms, respectively. The
magnitude and gradient of changes in DO concentrations above the SWI were determined from
the bottom DO time series.
The proposed shoulder months include two time periods based on how close the measured
parameters approach the optimal values from the proposed criteria. The two time periods include:
firstly, shoulder month which is a longer time frame when denitrification in the reservoir may
begin, and secondly, an optimum period when denitrification should be significant enough to
sustain a considerable nitrate depletion above the SWI. Considering that it may take approximately
two weeks for nitrate to reach the main stem of the reservoir, the nitrate addition strategy may
begin during the period labeled as 'Shoulder Months'.
Station RE02: At this sampling station, artificial oxygen addition kept DO concentrations
at 6 mg/L during the identified spring shoulder months. The isotherms in Figures 3-13 show that
the Year 2013 was comparatively warmer than the other two years but there were similarities with
the other two years studied regarding the changes in DO concentrations and temperature at Station
RE02. Following the established criteria, it was observed that DO concentrations dropped below
6 mg/L by early April 2013 and 2017, but until late April 2019 (Figure 3-14 and Table 3-5). DO
concentrations kept decreasing until reaching a value of 4 mg/L by mid-May in 2013 and 2017,
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and by early June in 2019. Despite reaching the desired concentration value of 4 mg/L, to assure
denitrification based on the experimental results, until late spring, there was a high depletion rate
from early March to early June in 2013, from early April to mid-June in 2017, and from midMarch to early May in 2019. Mean DO depletion rates within these dates were approximately
2500, 396, and 2276 mg/m2·d for 2013, 2017, and 2019, respectively. During this same period, the
DO concentration decreased in all stations studied ranging between 6 – 10 mg/L. Based on the
criteria, DO depletion rates were much higher than 300 mg/m2·d (Table 3-4) in all years during
the described time frames, while the DO decreased over the same period was greater than the
criteria value of 2 mg/L. Temperature changes in the bottom waters from early March to early June
were also higher or equal to 7º C. Therefore, using the developed criteria (Table 3-4) and the
obtained results, the shoulder months for RE02 in 2013, 2017, and 2019 were from March 27 —
May 31, April 11— May 23, and March 28 —May 02, respectively. It is important to highlight
that this shoulder month is the period where denitrification can occur in the presence of oxygen in
the bottom waters of the reservoir. If higher values from the criteria (i.e., high DO minimum limit,
highest DO depletion rate observed, and the highest DO change) are used to determine a period
when denitrification may occur following the same analytical principles as for the shoulder month
determination, then an optimum period for denitrification can be obtained. This optimum period
is a shorter time frame within the shoulder months when significant denitrification will occur in
the presence of oxygen before the onset of complete anaerobic conditions in the reservoir. The
optimum period within the shoulder months was from May 21—31, May 2— 23, and from April
25—May 2 for 2013, 2017, and 2019, respectively. For the Fall overturn, a slightly different
analysis was used to determine the shoulder months because there is no DO depletion in the Fall.
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Figure 3-13. Shoulder Month Analysis for Station RE02
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Figure 3-14. Shoulder Month Analysis for Station RE02
Table 3-5. Determination of Shoulder Months (Station RE02)
Year

Date Range

DO
Range
(mg/L)
9.82-5.61
9.46-6.63
6.72-4.37
0.82-3.54
3.54-5.31

DO
Change
(mg/L)
4.21
2.83
2.35
-2.72
-1.77

DO
Change
Rate
(mg/m2.day)
3077.30
2240.97
2233.05
-2153.87
-800.91

Temp
Range
(⁰C)
8-8.5
8.7-9.2
10.2-11.1
23.2-22.6
21-16.3

Preferred Time
Windows

2013 Mar27-Apr09
Apr18-Apr30
May21-May31
Sep12-Sep24
Oct03-Oct24

No.
of
Days
13
12
10
12
21

2017 Apr11-Apr20
May02-May23
Oct19-Nov02
Nov02-Nov14

9
21
13
12

8.35-6.18
6.65-3.6
3.17-4.61
4.61-6.98

2.17
3.05
-1.44
-2.37

2291.12
1380.10
-1052.57
-1876.72

8.8-9.3
9.9-11.4
20.5-17.3
17.3-13.2

May02-May23

2019 Mar28-Apr10
Apr10-Apr25
Apr25-May02
Oct01-Oct24
Oct29-Nov15

13
15
8
23
17

13.5-8.82
8.82-7.02
7.02-5.11
0.41-5.93
4.41-6.61

4.68
1.8
1.91
-5.52
-2.47

3420.85
1140.28
2268.69
-2280.57
-1380.64

7.3-8.4
8.4-9.2
9.2-9.5
22.6-15.5
15.4-12.4

Apr25-May02

May21-May31

During the fall overturn, the criteria used were a DO value of 2—4 mg/L, a DO change of less than
2 mg/L, and a sudden temperature drop lower than 5ºC. Based on these criteria, the fall shoulder
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months were from September 12—October 24, October 19—November 14, and October 01—
November 15, respectively (Table 3-5).
Station RE05: Concentration of DO, the most important criteria described in Table 3-4,
became within the desired range of 6 mg/L at Station RE05 by late April 2013 and mid-April 2017
and 2019. DO concentration reached values below the established level (4 mg/L) by mid-May in
2013, mid-April in 2017, and late May in 2019. However, the DO depletion rate was very high
between early March-early June in 2013, early April—early May in 2017, and early April—early
June in 2019. During these periods, the mean DO depletion rate was 1088, 1750, and 1250 mg/m2·d
in 2013, 2017, and 2019, respectively, which were values much higher than the minimum rate of
300 mg/m2·d.
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Figure 3-15. Shoulder Month Analysis for Station RE05
Besides, DO concentration decreased by 7—13 mg/L (minimum DO change criteria 2
mg/L) during this long period of spring months these years. The temperature increased by more
than 5 ⁰C in 2013 and 2019 and by 2.5 ⁰C in 2017 during the discussed period. Therefore, results
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revealed that the shoulder months for the spring of 2013, 2017, and 2019 are March 05—May 31,
March 30—May 02, and March 28—June 06 at RE05.
Table 3-6. Determination of Shoulder Months (Station RE05)
Year

2013

2017

2019

Date Range

No
. of
Da
ys
Mar05-Mar27 22
Apr09-Apr30 21
Apr30-May31 32
Sep12-Oct24 42
Nov05-Nov14 9
Mar30-Apr11 12
Apr11-Apr20 9
Apr20-MA02 12
Oct19-Nov02 14
Nov02-Nov14 12

DO Range DO
(mg/L)
Change
(mg/L)
14.9-10.2
9.61-5.31
5.31-1.68
0.73-5.86
2.93-5.91
9.29-6.26
6.26-3.18
3.18-1.86
2.7-5.84
5.84-7.16

Mar28-Apr10
Apr10-May02
May16-Jun06
Oct08-Oct24
Oct29-Nov15

10.9-7.61
7.61-4.33
4.9-1.36
2.36-6.22
5.48-7.08

13
22
21
16
17

Temp
Range
(⁰C)

Optimum
Periods

4.7
4.3
3.63
-5.13
-2.98
3.03
3.08
1.32
-3.14
-1.32

DO Change
Rate
(mg/m2.day
)
1610.27
1543.38
855.03
-920.65
-2495.73
1903.21
2579.48
829.12
-1690.54
-829.12

5.3-7.5
8.2-9.2
9.2-11
22.8-16.3
13.8-11.5
7.8-9.6
9.6-9.8
9.8-10.1
20-16.8
16.8-12.7

Apr30-May31

3.29
3.28
3.54
-3.86
-1.6

1907.56
1123.77
1270.60
-1818.41
-709.41

7.2-8.5
8.5-9.7
10.7-12.2
22.2-15.2
15-11.6

Apr10-May02

Apr11-Apr20

Within the shoulder months, there are optimum periods of nitrate depletion when the
criteria are better satisfied by the values of DO and temperature. The optimum periods identified
for the spring months of 2013, 2017, and 2019 at Station RE05 are April 30—May 31, April 11—
20, April 02—May 02, and May 16—June 06. As described earlier, the criteria applied for the fall
do not include DO depletion rate as DO does not typically deplete during these months of the year.
Based on the criteria used for fall (DO level∼ 2-4 mg/L, DO change > 2mg/L and temperature
change ≥ 5 ⁰C), the shoulder months for the fall of 2013, 2017, and 2019 were September 12—
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November 14, October 19—November 14 and October 08—November 15, respectively (Table 36). Specific results and dates for each year are shown in Table 3-6.
Station RE10: According to the isotherms in Figure 3-16 and the graphs in Figure 3-17, the
hypolimnion of the reservoir at Station RE 10 was slightly warmer in 2013 than in the other two
years. DO concentrations in the colder months were higher than 10 mg/L decreasing to 6 mg/L by
mid of April in all the three years considered. A DO level of 4 mg/L was obtained by early May
2013, and late April 2019. In 2017, DO drop down from 6 to 4 mg/L within 4—5 days in the
middle of April. A very high DO depletion rate occurred from early April—late May in 2013, late
March-early May in 2017, and 2019. During this period, DO depletion rates were 760, 1350, and
1100 mg/m2·d in 2013, 2017, and 2019, respectively. In addition, the change in DO concentration
ranged between 8—9.5 mg/L, values that were much higher than the criterion of 2 mg/L. During
the same period, the temperature in the bottom waters increased by 3—4 ⁰C. Based on these results,
the shoulder months for the spring of 2013, 2017, and 2019 were from April 17—May 21, March
30—May 02, and April 10—May 02 respectively. Within this period, the optimum periods
identified were April 30—May 21, April 10—20, and April 10—May 02, respectively when the
DO level remained below 4 mg/L for most of the time and the DO depletion rate ranged between
601—2174 mg/m2·d (Table 3-7). Based on the criteria for the fall months, the shoulder months
identified for

2013, 2017, and 2019 were from September 18—October 24, September 28—

November 14, and October 08—November 15, respectively (Table 3-7).
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Figure 3-16. Shoulder Month Analysis for Station RE10
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Figure 3-17. Shoulder Month Analysis for Station RE10
Table 3-7. Determination of Shoulder Months (Station RE 10)
Year

Date Range

No
. of
Da
ys
2013 Apr17-Apr30 13
Apr30-May21 21
Sep18-Sep24 06
Oct03-Oct24
21
2017 Mar30-Apr11 12
Apr11-Apr20 9
Apr20-MA02 12
Sep28-Oct10 12
Oct26-Nov02 07
Nov02-Nov14 12
2019 Apr10-May02 22
Oct08-Oct24
16
Oct29-Nov15 17

DO Range DO
(mg/L)
Chang
e
(mg/L)
8-4.62
3.38
4.62-2
2.62
2-3.19
-1.19
3.47-5.71 -2.24
9.56-6.84 2.72
6.84-2.78 4.06
2.78-.68
2.1
0.2-2.01
-1.81
5.33-7.00 -1.78
7.63-8.31 -0.68
7.8-2.58
5.22
1.48-6.53 -5.05
6.17-6.82 -0.65

DO Change Temp Range Preferred Time
Rate
(⁰C)
Windows
(mg/m2.day)
1253.08
601.29
-955.87
-514.08
1092.43
2174.14
843.42
-726.94
-1225.54
-273.11
1143.54
-1521.16
-184.28

8.94-9.5
9.5-11.2
22.3-21.75
20.4-16.2
8.2-11.6
11.6-10.9
10.9-11.3
21.3-21.2
18.06-16.38
15.9-12
8.7-10.5
22.3-14.8
14.9-10.7

Apr30-May21

Apr11-Apr20

Apr10-May02

Station RE20: The isotherms in Figure 3-18 showed that the water temperature in 2019 was
higher than in 2013 and 2017 at this station. DO concentration decreased to 6 mg/L by mid—April
in 2013 and 2017 whereas it never reached that level until June 2019. In 2019, a very rapid increase
in temperature was observed in the latter half of April concomitant with a rapid decrease in DO
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concentration in early June. DO in 2013 and 2017 dropped below 4 mg/L by late April and by
mid-April respectively. However, higher DO depletion was observed from early March to the end
of May in 2013, early March to early May in 2017, and from late March to early May in 2019.
During this period, the oxygen depletion rates were 435, 395.2, and 563.6 mg/m2·d for 2013, 2017,
and 2019 respectively. DO concentration changed by a range of 7—15.35 mg/L and temperature
changed by a range of 6—11 ⁰C during this period (Figure 3-19). Considering these results, the
shoulder months identified for the spring of 2013, 2017, and 2019 were March 05—May 31, March
05—May 02, and March 31—May 02, respectively. Within the identified shoulder months, the
spring optimum periods were from May 21—31 for 2013 and April 13—April 20 for 2017. There
was no optimum period found for the year 2019 as the DO level was higher than 6 mg/L for most
of the spring. The fall shoulder months identified considering a criterion of 2—6 mg/L for DO
concentration, a minimum DO change rate of 330 mg/m2·d and a temperature change of 3—5 ⁰C
was from September 03—November 05, September 28—November 14, and September 10—
November 15 for 2013, 2017, and 2019, respectively (Table 3-8).
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Figure 3-18. Shoulder Month Analysis for Station RE20
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Figure 3-19. Shoulder Month Analysis for Station RE20
Table 3-8. Determination of Shoulder Months (Station RE 20)
Year

Date Range

No. DO
of
Range
Day (mg/L)
s

DO
Change
(mg/L)

DO Change Temp
Rate
Range
2.
(mg/m day)
(⁰C)

Preferred
Time
Windows

2013 Mar05-Apr09
Apr09-Apr18
Apr18-Apr30
May21-May31
Sep03-Sep24
Oct24-Nov05

35
9
12
10
21
12

15.6-9.64
9.64-5.08
5.08-3.37
3.79-.25
0.63-7.93
8.38-10.9

5.96
4.56
1.71
3.54
-7.3
-2.52

434.98
1294.22
364.00
904.25
-887.95
-536.42

5.5-9
9-9.6
9.6-11.4
16.2-16.1
23.2-20
15.6-12.9

2017 Mar05-Mar31

26

11.2-8

3.2

313.84

8-9.2

Apr13-Apr20
Apr20-May02
Sep28-Oct10
Oct10-Oct19
Nov02-Nov14

7
12
12
9
12

7.67-3.47
3.47-2.27
0.12-1.9
1.9-8.19
8.92-9.94

4.2
1.2
-1.78
-6.29
-1.02

1532.63
255.44
-378.90
-1785.23
-217.12

Apr1312.32-12.4 Apr20
12.4-14
20.8-20.5
20.5-18.1
12.7-9.4

2019 Mar 31-Apr25

25

13.3-9.5

3.8

387.6

10-11.5

Apr25-May02
Sep10-Sep24
Oct24-Nov15

7
14
21

9.62-6.37
1.58-4.73
5.13-8.02

3.25
-3.15
-2.89

1185.96
-574.74
-351.53

17.5-17.1
23.6-22.5
13.8-7.3

May21May31
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The changes in DO, nitrates and temperatures were not uniform, but the gradient of
changes and the magnitudes were clear enough to locate the shoulder months and the optimum
periods in all the cases. The duration of the warmer months varied among the years; accordingly,
the potential and the optimum periods also varied. For example, the temperature at RE 02 started
to increase later in 2013 compared to the other two years (Figure 3-13). Besides, the temperature
increased slowly before the warmer months and decreased twice as fast after the warmer months.
This made the spring shoulder months longer than those identified in the fall months. No optimum
period was identified for the fall months as the DO was increasing and the temperature was
decreasing which was inconsistent with the criteria used in this analysis. However, the weightiest
criterion, a DO concentration of 2—4 mg/L was met during a few periods of fall months along
with criteria of DO change and temperature change.
3-5. Discussion
3-5-1. Depletions of DO & Nitrate
Nitrate addition to the Occoquan Reservoir during the summer months resulted in
improved water quality by providing an oxidizing environment to the hypolimnion that prevents
the release of the reduced substances from the sediments (F. J. Cubas et al. 2014a; Prestigiacomo
et al. 2009). In addition, this management strategy helped the UOSA with its nitrate management
by allowing the reservoir to naturally denitrify the excess nitrate intentionally discharged after the
onset of thermal stratification in the reservoir (Yu et al. 2010). This management strategy has been
proven successful over the last 50 years (Suazo 2021). Therefore, authorities managing the
reservoir were exploring the possibility of extending this strategy to include additional weeks or
months before and after the onset of hypolimnetic anaerobic conditions. This study was designed
to test the potential for nitrate removal during periods when oxygen depletion begins, and water
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temperature increases in the bottom waters of the reservoir. Specifically, this study explored if
denitrification would occur deeper in the sediments in the presence of oxygen at the SWI. Previous
studies have observed and quantified denitrification in the presence of oxygen in marine sediments
suggesting that this phenomenon may occur in freshwater systems (Bonin and Raymond 1990).
It is important to highlight that the objective of this study was not to disprove or contradict
the principle that denitrification is a strictly anaerobic process but to validate the hypothesis that
significant denitrification may occur a few centimeters deep in the active sediment layer allowing
denitrifiers to consume nitrate when oxygen is present at low concentrations above the SWI
(Fernandes and Loka Bharathi 2011; Seitzinger 2006). In addition, this study suggests that when
modeling nitrate depletion using computational models, the denitrification process simulation
doesn’t necessarily have to begin when DO concentrations reach low values (e.g., 0 – 0.4 mgN/L). Instead, denitrification can be set to begin closer to the SWI when DO concentrations are
between 0 – 4 mg/L and when there is enough organic matter (OM) to promote an electron acceptor
demand and sufficient nitrate to continuously support denitrification (Chen et al. 2017; Bess B.
Ward et al. 2008; Birgand et al. 2007). In this study, the results from laboratory experiments were
used to determine if nitrate depletion occurred at significant rates. Because it was observed that
nitrate was depleted at low oxygen levels, a criterion describing the best conditions for nitrate
depletion in low oxygen environments was developed to determine the period when denitrification
may begin in the reservoir based on these experimental results. The period when nitrate depletion
occurs in low oxygen concentrations was labeled shoulder months.
Overall, the results showed that nitrate depletion occurred in the presence of oxygen when
DO concentrations ranged between 0 and 4 mg/L and, in some cases up to 6 mg/L. When the DO
concentrations were higher than 6 mg/L and nitrate depletion was very low as seen in the control
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reactor (Reactor 1), which had a mean DO concentration of approximately 100% and no significant
nitrate depletion (Figure 3-7). Results from reactor 1 confirm that oxygen is a denitrification
inhibitor and that at high DO concentrations, oxygen penetrates deeper into the sediments
decreasing denitrification deeper in the sediment’s active layer (Birgand et al. 2007). Conversely
when DO concentrations decrease, nitrate begins to decrease as oxygen concentrations deeper in
the sediment also decrease allowing for denitrification to occur closer to the SWI (Boros et al.
2011; Palacin-Lizarbe et al. 2020; Seitzinger 2006). The experimental results further revealed that
the magnitude of the DO concentration in the water column was not the only factor that marked
the beginning of denitrification in the reactors. Results from Reactors 2-7 showed that nitrate
depletion occurred concomitant to oxygen depletion when DO levels decreased below 6 mg/L,
suggesting that a high demand for electron acceptors, oxygen, and nitrate, in this case, resulted in
a simultaneous depletion of DO and nitrate when oxygen decreased to less than 4 mg/L. Further,
results showed that DO depletion rates can be used as an indicator for denitrification occurrence
when there is enough nitrate and OM to fuel this process. For instance, in all reactors a high nitrate
depletion rate correlated with a high oxygen depletion rate when DO levels were low (Figures 38).
Sediments from the Occoquan Reservoir was highly productive, exerting a high demand
for electron acceptors such as oxygen and nitrate due to their high OM content (Mulholland et al.
2009). Field data showed that in RE02, DO concentrations decreased to values close to 0 mg/L
during the summer months even though the artificial oxygenation system was operating at full
capacity (Figure 3.13), demonstrating that there was a high demand for oxygen in the bottom
waters of the reservoir that cannot be satisfied even with additional oxygen supply. That high
sediment oxygen demand (SOD) allowed for an almost simultaneous depletion of oxygen and
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nitrate when DO concentration was lower than 4 mg/L. In the lab-scaled experiments, Reactors 4
and 5 were also highly productive as both DO and nitrate were continuously depleted despite the
attempts to maintain a DO and nitrate concentration of about 2 mg/L and above 4 mg-N/L
respectively. That high a SOD resulted in almost simultaneous oxygen and nitrate depletion with
only a small lag between the two processes. Generally, nitrate depletion occurred immediately
after DO began to decrease at a high rate.
Sediment oxygen profiles showed that under low DO concentrations (< 6 mg/L) and high
demand for electron acceptors, the amount of oxygen that penetrated the sediment was very low
allowing for an anoxic environment to develop within the sediments (Figure 3-9). The highest
oxygen penetration was observed in Reactor 1, which had the highest water DO concentration. In
this reactor, oxygen penetration ranged between 1 – 3 mm below the SWI, which was enough to
decrease nitrate depletion in this reactor despite having a nitrate concentration of 5 mg-N/L. There
was a slight decrease in nitrate concentration during the experiment that was probably the result
of a slow denitrification rate (Birgand et al. 2007) and some nitrate removal when sampling. In the
other reactors, oxygen penetration considerably decreased as the DO concentrations above the SWI
also decreased to values lower than 6 mg/L. Isolated cases of higher DO penetration (e.g., Reactor
3, Day 37) coincided with DO concentration peaks above the SWI. The lack of oxygen below the
SWI resulted in denitrification occurring in most of the sediment active layer (Birgand et al. 2007).
This increased sediment anoxic environment combined with the ability of nitrate to penetrate
deeper into the sediments due to its high solubility and low affinity to the sediment surface resulted
in a significant nitrate depletion below the 2 mm depth mark (Rysgaard et al. 1994; F. J. Cubas et
al. 2014a). Below a depth of 3 mm, there was no oxygen present to hinder denitrification.
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Sediment nitrate profiles proved that nitrate penetrated deeper into the sediments than
oxygen. The results showed that nitrate was penetrating up to 7 cm below the SWI (Figures 3-10).
The profiles also revealed a nitrate depletion gradient suggesting that denitrification was occurring
at a depth from 1 – 7 cm within the sediments. A positive nitrate gradient (nitrate accumulation)
observed at a depth of 0-1 cm showed that nitrate was accumulating very close to the SWI due to
the water column's high nitrate concentration and oxygen penetration immediately below the SWI
(Rysgaard et al. 1994). This gradient pushed nitrate deeper into the sediments where it was
denitrified until having no nitrate at a depth of 5 – 7 cm (F. Cubas 2012). These results confirmed
that denitrification occurred at high rates deeper in the sediments regardless of the low oxygen
concentrations above the SWI, providing enough OM and nitrate to sustain this process
(Mulholland et al. 2009; Seitzinger 2006). Further, these results confirmed that denitrification
occurring below the thin aerobic sediment layer is responsible for the high rates of nitrate depletion
above the SWI suggesting that denitrification still occurs in sediments underlying an aerobic
environment in the water column. In reactors 6 and 7, which were kept anoxic throughout the
experiment, the nitrate profiles revealed that denitrification was occurring at all depths below the
SWI as expected since no DO was penetrating the sediments (Fernandes and Loka Bharathi 2011).
Overall, results showed that the main factors controlling denitrification in the sediments
were the DO gradient pushing oxygen into the sediments, the availability of nitrate to penetrate
deeper into the sediments, and the high SOD of the system. When the DO gradient pushing oxygen
deeper into the sediment decreased due to low oxygen concentrations above the SWI, high amounts
of OM quickly depleted oxygen at the SWI without satisfying the total SOD (Bess B. Ward et al.
2008). This demand was further satisfied with nitrate, triggering a high-rate nitrate depletion
(Seitzinger 2006). Correlation between nitrate depletion rates and oxygen concentration, and
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between nitrate and oxygen depletion rates revealed that the main driver controlling denitrification
in nitrate and OM-rich sediments were a combination of the oxygen concentration magnitude and
the rate at which oxygen was depleted. Therefore, to sustain significant denitrification capable of
depleting nitrate at the SWI, DO has to decrease up to 4 mg/L at a high rate to assure that nitrate
will be consumed at low oxygen concentrations due to the high electron acceptor demand in the
sediments (Mulholland et al. 2009; Fernandes and Loka Bharathi 2011; Seitzinger 2006).
3-5-2. Determination of Shoulder Months
Following this principle and understanding that denitrification is not controlled by a single
oxygen concentration value at the SWI (Palacin-Lizarbe et al. 2020). A few criteria were developed
to determine when nitrate depletion may be significant beyond the thermal stratification period in
surface waters. The resulting criteria determined the shoulder months in the Occoquan Reservoir.
These criteria included: 1) DO concentration range in the water column above the SWI, 2) Slope
of DO gradient describing the rate at which DO is depleted, 3) the overall DO change over a
specific period, and 4) Temperature change. Based on the experimental results it was determined
that the DO concentrations above the SWI must decrease to values below 4 mg/L to initiate
significant denitrification and subsequent nitrate depletion above the SWI. In addition, the DO
concentration change must be greater than 2 mg/L in a short period resulting in a DO depletion
rate greater than 300 mg/m2·d (Table 3-4). Along with the changes in DO concentrations, there
had to be an increase in temperature, reaching a temperature of at least 10℃ in the bottom waters
of the reservoir to have a high nitrate removal rate. In other words, to initiate nitrate depletion in
the presence of low oxygen concentrations, the system needed to be productive enough to rapidly
deplete oxygen to values lower than 4 mg/L in the bottom parts of the hypolimnion. For the system
to achieve a DO depletion rate greater than 300 mg/m2·d, the consumption rate had to be greater
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than the oxygen supply rate (assuming a high SOD), which is a common scenario during the
warmest months of the year (Yu et al. 2010; F. J. Cubas et al. 2014a; Kirillin and Shatwell 2016).
Shoulder months in the Occoquan Reservoir: Field data from the main stem of the reservoir
collected in 2013, 2017, and 2019 were used to determine the shoulder months for each year.
Because several parameters affecting the hydrology and water quality of the reservoir change
seasonally, affecting DO concentrations and temperature values in the reservoir, it would be
necessary to determine the shoulder months annually. Field data showed that it was possible to
determine the shoulder months for every year in all sampling stations. In addition, an optimum
period within the shoulder months reflecting a shorter time frame when denitrification could occur
before the establishment of complete anaerobic conditions in the reservoir was also determined.
That optimum period was determined using the highest values from the ranges listed in the criteria
(Table 3-4).
Overall, the results showed that there was typically a time frame between mid-March and
late May before establishing hypolimnetic anoxia that fit the characteristics of the shoulder
months. Those shoulder months varied per year in date and duration. Depending on the weather
conditions, hydrology, and load inputs to the reservoir, shoulder months could begin as early as
early March or late April. Additionally, the duration of the shoulder months was highly variable.
For instance, in 2017 the shoulder months duration was shorter than other years in all stations,
except for RE20. Regardless, due to the high productivity and the early onset of warmer
temperatures in the Occoquan Reservoir, exacerbated by the effects of climate change, it seemed
that there might always be a time during the spring when nitrate depletion could begin before the
complete exhaustion of oxygen in the bottom waters of the reservoir.
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For authorities managing the reservoir, it is quite interesting that there were shoulder
months every year. Those shoulder months can be considered a time buffer in which UOSA can
initiate nitrate discharge into the reservoir without having a significant accumulation in the water
column that may exceed existing regulations. Considering that it takes approximately 2-3 weeks
for nitrate to reach the main stem of the reservoir, starting the nitrate addition a few days after the
shoulder months may be an improvement to the existing management strategy currently in place.
The objective should be to ensure that nitrate will reach the main stem of the reservoir during the
optimum period within the shoulder months for that specific year. It is important to highlight that
because the water column temperature in stations upstream of the reservoir will increase faster
than the stations downstream due to a lower effective depth (higher sediment area under a specific
water volume) upstream, the shoulder months will occur earlier in a year at stations upstream from
the reservoir (F. J. Cubas et al. 2019). This creates an ideal scenario where nitrate may reach each
station during the shoulder months. To ensure that nitrate will reach each station during the
optimum period, the shoulder months should be determined using the latest data available for that
particular year. To determine the date to initiate the nitrate addition strategy, the shoulder month,
an optimum period starting date, and the retention time in the reservoir for that particular year
should be considered. The same criteria can also be used to determine if it is feasible for UOSA to
extend the nitrate addition strategy during the fall.
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CHAPTER 4
CONCLUSIONS
From a practical sense, the main goal of this research was to determine the shoulder months
in the Occoquan Reservoir to extend the nitrate addition strategy currently in place without having
any negative water quality effects. To achieve this goal, it was necessary to determine initially if
it was possible to sustain nitrate removal in the presence of oxygen in a controlled environment.
Overall, the experimental results demonstrated that nitrate depletion indeed occurred in the
presence of low oxygen concentrations. Specifically, nitrate depletion in the lab experiments was
observed when DO concentrations decreased to 4 mg/L. However, results also revealed that the
DO concentration magnitude was not the only parameter controlling nitrate depletion. For nitrate
depletion to occur in the presence of oxygen, the electron acceptor demand and the resulting
oxygen drop in the system should be significant. Results showed that nitrate depletion might begin
when the DO concentration decreases to 4 mg/L and the oxygen depletion rate is higher than 300
mg/m2·day.
It is important to highlight that these results are not suggesting that nitrate removal due to
denitrification is an aerobic process. Instead, results showed that other factors, typically
overlooked, controlled nitrate depletion when oxygen was still present in the system. The main
reason for aerobic nitrate depletion in this study was that at low oxygen values (< 6 mg/L), DO
penetration into the sediments was limited, creating an anaerobic environment favoring
denitrification 3 mm below the SWI. Additionally, nitrate, which has high solubility and low
affinity to the sediments, penetrated up to 7 cm deep, reaching those highly available anoxic zones.
In these zones, nitrate was quickly depleted via denitrification, creating a nitrate gradient that
promoted nitrate transport to this anoxic zone, thereby decreasing nitrate levels above the SWI.
Two main conditions need to be satisfied to have nitrate depletion above the SWI in the presence
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of oxygen. First, there should be a low oxygen gradient at the SWI, which will be the case under
low oxygen conditions. Second, there should be a high demand for oxygen and nitrate, which will
be the case for the reservoir due to its OM-rich sediments.
A series of requirements for nitrate depletion in the presence of oxygen was developed
from the lab results to determine the shoulder months. The resulting criteria were based on a DO
minimum concentration, DO depletion rates, and DO and temperature changes. These criteria were
used to determine the shoulder months at different sampling stations. Field results revealed that
shoulder months existed for all the stations tested during three different years. The shoulder months
extended from a few days to a month before the establishment of thermal stratification, as well as
a few weeks during the fall overturn. Additionally, an optimum period for nitrate removal was
defined within the shoulder months using the most stringent values within the criteria. During this
period (optimum period), denitrification will certainly occur. Results also showed that the shoulder
months developed earlier in the spring at stations upstream from the reservoir. This is
advantageous because UOSA can begin its nitrate addition strategy earlier in the spring. The
shoulder months will gradually develop at each station as nitrate moves downstream of the
reservoir.
Overall, the results showed that nitrate depletion could begin before the onset of
hypolimnetic anoxia in the reservoir. However, UOSA needs to determine the ideal timing to start
its nitrate addition strategy considering the environmental conditions, which change every year,
and the time it would take for nitrate to reach each station. The best scenario for UOSA will be to
target the optimum period. This means that nitrate should arrive at each station during the optimum
period to ensure that the conditions ideal for denitrification will exist in the reservoir.
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